As long as ZiveqI << 1/4, the equilibrium remains close to the "valley state." According to equations (16) As the temperature is raised toward the value T, = eTca Oveq approaches the critical value -1/4 (if v > 0); then any initial state (_ 1/4 < SP < 1/4) necessarily decays in the direction of decreasing current (d In (P,)/dt < 0).
chief advantages gained through this approach is the fact that the enzyme-kinetic analysis of transport provides a rationale for selectivity. Selective transport is interpreted in terms of binding of the ions to ion-specific or ion group-specific sites of carriers. Competition among ions, on equal or unequal terms, and other kinds of interaction become amenable to quantitative treatment and to interpretation in terms of differential affinities of carrier sites for different ions. Research along this line" I has led to the conclusion that a multiplicity of carrier sites is involved in the transport of the many ionic species to which roots and other tissues are exposed and which they selectively absorb from the inorganic substrates.
Chemically related ions may have virtually equal affinities for common carrier sites, as evidenced by their mutually competing on almost equal terms. The pair K-Rb is a case in point.2 4 More surprising was the finding that a single ionic species, Rb, was found to be transported by two discrete mechanisms, one operating at low external Rb concentrations and very indifferent to Na, the other coming into play at high Rb concentrations and possessing pronounced affinity for Na as well. 2 Since recent research4 has revealed Ca ions to be indispensable to the unimpaired functioning of selective K-Rb transport, the work presented in this paper was undertaken in the expectation that inclusion of Ca in the experimental solutions, together with improved experimental technique,5 would permit a more precise resolution of the two K-Rb transporting mechanisms than has been achieved so far, as well as a clear definition of the effect of Na on the two mechanisms. This expectation was realized.
Methods.-Culture of seedlings: Seeds of barley, Hordeum vulgare var. Arivat, were germinated and seedlings grown in the dark in aerated solutions of 2 X 10-4M CaSO4, as described earlier. 4 The absorption experiments: Samples of roots weighing 1.00 gm (fresh weight) were suspended for about 30 min in an aerated solution of 0.5 mM CaCl2 at 300C prior to the absorption period. Just before the absorption period, each sample was rinsed for 1 min with fresh 0.5 mM CaCl2 at 300C, excess solution was spun out, and the sample was transferred to the aerated experimental solution at 300C.
Except in the experiments with sulfate as the anion, each solution contained, in addition to the chloride of the monovalent cations under consideration, CaCl2 at 0.5 mM. The pH of the experimental solutions (unbuffered) was 5.9, and seldom varied by more than 0.2 pH units during the experimental runs. Differences in pH of this magnitude do not measurably affect absorption rates at any of the concentrations used. The volumes of the experimental solutions ranged from 2,000 ml at the lowest substrate ion concentration used (0.002 mM) to 250 ml at the highest concentrations. Volumes were chosen in such a manner that depletion of the solutions due to absorption by the roots did not lower the concentration of the substrate ion by more than 5-6% during the 10 min experimental run.
Substrate ions were radioactively labeled, K with K42 (subsequently called K*) and Rb with Rb"4' (Rb*). After absorption from solutions in the higher concentration range used (0.5 to 50 mM K* or Rb*), the roots contain a fraction of readily exchangeable K* or Rb* ions held by superficial exchange sites probably associated with the cell wall.'. 6 These readily exchangeable K* or Rb* ions were desorbed at the end of the absorption period by a 30 min exposure of the tissue to.
an aerated, cold (50C) solution of 5.0 mM KCI and 0.5 mM CaCl2.5 Details of the experimental technique have been described.5 Modification of the procedure in experiments in which the anion was sulfate instead of chloride will be described in connection with those experiments. Rates, v, throughout are reported in terms of ,umole/g/hr, and concentrations of substrate salts in terms of mM for chlorides and meq/l for sulfates, so that equal numbers refer to equal mM concentrations of the monovalent substrate cations. Rates were constant for at least ;1 hr at all concentrations. 5, 7 Resgults.- Figure 1 yielding the theoretical absorption rates, v, represented by the solid line at the low concentrations, continued by the dashed line at the higher couceutrations. (Fig. 1) .
Over the high concentration range of 0.5 to 50 mM K, absorption rates consist of two terms: the contribution from the low-range mechanism 1 discussed above, operating virtually at maximal velocity, and a contribution from a second mechanism with much lower affinity for K. The contribution by this mechanism 2 was calculated separately. First, the theoretical contribution to the observed velocity from the low-range mechanism 1 was calculated for each high-range concentration (dashed line) and subtracted from the experimental value. The resulting v2 values, representing velocities due to the upper-range mechanism 2 only, were used to construct a Lineweaver-Burk plot which gave a straight line whose y intercept and slope were calculated as indicated above, yielding values for Vmax 2 and KM2 for this mechanism 2 only. The actual velocity, v, represents the sum of the contributions to the total velocity from both mechanisms (equation 1).
Equation (1) with the constants given in the legend of Figure 1 describes the relation between the K concentration in the solution and the rate of K absorption over the 25,000-fold range of concentrations explored (the solid line of Fig. 1 ).
Identity of K and Rb transporting mechanisms in this tissue has been demonstrated before. (1) with the above parameters for the first term and, for bKlI, KM 2 14.5, VMan 2 11.8; and for Rb2SO4, KM 2 37.9 meq/l, V.. 2.3. constant Km for K is slightly higher than that for Rb, whereas the reverse is the case for the high concentration (low affinity) mechanism 2. Maximal velocities are slightly higher for K than Rb absorption by both mechanisms, suggesting that rates of metabolic turnover in the presence of K are somewhat greater than with Rb.
The high affinity mechanism 1 of K-Rb uptake is very indifferent to Na ions. While Na competes ineffectively in the high-affinity mechanism 1 of K-Rb absorption, it is a potent competitor in the low affinity mechanism 2 which comes into play in the upper concentration range. sorption rates over the 3-50 mM range of K concentrations, in the absence of Na and in its presence at 2.0 mM. The data are presented in the form of LineweaverBurk plo ts The rates, v2, the reciprocals of which are plotted on the y axis, repret sent the contribution from the low affinity mechanism 2 only. The contribution made by the high affinity (low concentration range) mechanism 1 was independently determined and subtracted from the total rates obtained over the 3-50 mM range of concentrations, as described above. The Michaelis constant for K, KM, is 17.3 mM, and the constant, K, for Na is 0.84 mM. The interference by Na with K absorption is competitive. In a similar experiment on Rb absorption over the same concentration range, Na at 10 mM virtually eliminated Rb absorption by the upperrange mechanism 2.
In the above experiments, the anion was chloride throughout. Since chloride itself is absorbed at appreciable rates by this tissue, K-Rb absorption was studied in the presence of an anion whose rate of absorption is very much less. Sulfate is such an anion. 8 In the experiments with SO4 the roots, grown initially in CaSO4 solution as always, were kept before the absorption period proper in an aerated solution 0.5 mM with respect to CaSO4 instead of CaCl2, were rinsed just prior to the absorption period with 0.5 mM CaSO4 solution, and were then transferred to the experimental solutions which contained Rb2*SO4 and in addition, 0.5 mM CaSO4. That is, treatment of the tissue with respect to Ca was precisely as in the other experiments, but SO4 was substituted for Cl throughout. (The original, high specific activity Rb*Cl solution used to tag the Rb2SO4 stock solution contributed Cl to the -extent of I//36m of the SO4 present, on an equivalent basis.) Figure 5 shows the results of an experiment on Rb absorption over the low range (1) with Vmax and KM values given in the legend of the figure. These values were calculated by the least square method from a Lineweaver-Burk plot of the data. Results were virtually identical with those obtained when the anion was chloride, over the same range of Rb concentrations (Fig. 2) .
The same indifference to the identity of the anion is not characteristic of the absorption mechanism operating at the higher concentrations (mechanism 2). Figure   2 shows the result of an experiment in which absorption of Rb from RbCl and Rb2-SO4 was compared, at the high concentration range (3-50 meq/l). Analysis of the kinetics was as described above. The contribution to the velocity from the low concentration range mechanism 1 was determined using RbCl, since there is no significant difference in the Vmax 1 obtained for this range, whether Cl (Fig. 2) or S04 (Fig. 5) is the counterion. Over the high concentration range the results of the Cl run in this experiment closely resemble those obtained in other experiments with Rb and K. With SO4 as the anion, on the other hand, Rb absorption rates are very much lower. Whereas for the Cl run, the KM2 for Rb was 14.5, it was 37.9 with SO4. Maximal velocities Vmax 2 were 11.8 and 2.3 gmole/g/hr with Cl and SO4 anions, respectively.
Discussion.-Kinetics: A single equation consisting of the sum of two MichaelisMenten terms (equation 1) describes with impressive precision the relation between the external concentration of K or Rb and the rate of absorption of these ions by barley root tissue, over a 25,000-fold range of external concentrations (0.002 to 50 mM). These findings and the approximately 500-to 1,000-fold difference in the K and Rb KM values for the two Michaelis-Menten terms are evidence for the duality of the K-Rb transport mechanisms. Sodium competes in both mechanisms, but its affinity for the low concentration range mechanism 1 is on the order of 1 per cent of the affinity of K-Rb for this mechanism, as judged by the Km and KI values, whereas in mechanism 2 the affinity of Na exceeds that of K by a factor of about 20.
Absorption of K-Rb by the high affinity mechanism 1 is autonomous cation transport independent of the concentration of the anion and the rate of absorption of the anion. In the Cl experiments, CaCl2 was present throughout at 0.5 mM. The concentration of Cl therefore varied between the narrow limits of 1.0 and 1.2 mM, over the 0.002 to 0.20 mM range of K or Rb concentrations. At 0.20 mM K or Rb, this mechanism operates virtually at saturation level, while yet the Cl concentration is 6 times that of the cation. The rate of cation transport is therefore a function of the degree of saturation of entities binding the cations in the process of transport, irrespective of the extent of concomitant anion transport. The rate of K-Rb transport in the presence of Cl is identical over this range with that observed with S04 as the counterion-an ion whose rate of absorption is extremely low compared with that of K-Rb and of Cl. This is further evidence for the autonomous nature of K-Rb transport, in keeping with earlier conclusions.1 4. 6 9 The mechanism is by exchange of the cations absorbed with H ions which are released.6 9 10 Over the high concentration range, Rb absorption from S04 solutions is greatly depressed, compared with absorption from Cl solutions. This influence of the anion on the rate of absorption of the cation has been the general experience in the past (except 9). For example, Hoagland"1 reported that "accumulation of potassium from the sulphate was much smaller than from the chloride, bromide, or nitrate, as though the rate of accumulation of the cation, or the equilibrium value attained, was markedly influenced by the mobility of the anion." The experiments leading to those conclusions were done at concentrations of salt falling within the high range where mechanism 2 (the low affinity mechanism) participates in absorption. The present experiments show that the anion has no such influence on K-Rb absorption mediated by the high affinity mechanism 1 operating at low external concentrations. The differential response of K-Rb transport to the identity of the anion at low and high cation concentrations constitutes further evidence for operation of two discrete K-Rb absorption mechanisms.
Experiments on mechanisms of ion transport are conventionally done at concentrations which are high in terms of the K and Rb Km, and KMI values reported here-so high that both mechanisms can be expected to make contributions to the total observed rate of absorption. Quantitative relationships are often sought between the velocities observed and parameters such as respiration rates'2 or membrane potentials.'3 It will be necessary, in attempting such correlations, to take cognizance of the evidence that rates of absorption observed at these concentrations may represent summations of terms contributed by different transport mechanisms. The duality of K-Rb transport does not imply that Michaelis-Menten kinetics are not followed, as has been claimed.'4 Such duality was first inferred from experiments showing conformity with double Michaelis-Menten kinetics,2 and subsequent confirmation of this concept has similarly been based mainly,8' 9, 15, 16 though not exclusively,4' 1 ' on analysis in terms of Michaelis-Menten kinetics. The present experiments, done unlike the others in the presence of Ca, sharply differentiate between two K-Rb transport mechanisms, and demonstrate the applicability of Michaelis-Menten kinetics to both.
An alternative interpretation: Dual Michaelis-Menten terms in ion transport have heretofore been interpreted on the basis of two kinds of binding sites with different affinities for one and the same ionic species. Another interpretation of such kinetics is possible. If, at low concentrations, one substrate ion is bound per carrier site, but at higher concentrations two ions of the substrate element are bound per active carrier site, and are bound more loosely than is the single ion, then kinetics like those observed would be expected (cf. ref. 18 ). If we are dealing with discrete sites, the possibility must be borne in mind that they may deliver ions into different compartments or "inner spaces."
Physiological significance: The high affinity mechanism 1 of K-Rb absorption operates at half-maximal velocity at an external concentration of about 0.018 mM. This corresponds to 0.7 ppm K-a concentration of the order expected in soil solutions. Much lower concentrations yet may prevail in the immediate microenvironment of roots in soil. It is therefore very significant that of two demonstrable K absorption mechanisms in barley roots, one has a very high affinity for K ions. Recent experiments'9 have demonstrated that barley plants can grow well in solutions maintained at the very low level of 0.02 to 0.03 ppm K, or 0.0005 to 0.00075 mM. At these concentrations, the high affinity mechanism 1 would operate, under our experimental conditions, at several per cent of its maximal rate, while the contribution from the low affinity mechanism 2 would be infinitesimal.
Selectivity in the absorption of K and Na by growing plants is likely to be an expression of the operation of specific transport mechanisms like those described here. Plants growing in many saline soils absorb K from solutions with very wide Na/K ratios. This suggests existence of absorption mechanisms with much higher affinity for K than for Na, like the high affinity mechanism 1 described here. Both mutual interference between these elements and failure to interfere have been encountered in conventional, long-term experiments. Interpretation of these phenomena in terms of dual mechanisms with different affinities for K and Na will prove rewarding.
Summary.-The relationship between the rates of absorption of K and Rb by barley roots and the concentration of these ions in the external solution, over the range 0.002 to 50 mM, is predictable on the assumption that two carrier sites bind and transport the ions. One of these operates at half-maximal velocity at a con-
